Atomic layers of GaP and InP binary compounds with unique anisotropic structural, electronic, and mechanical properties have been predicted from the first principle molecular dynamics simulations. These new members of phosphide binary compounds family stabilize to a sandwiched two-dimensional (2D) crystalline structure with orthorhombic lattices symmetry and high buckling of 2.14 Å-2.46 Å. Their vibration modes are similar to those of phosphorene with six Raman active modes ranging from ~80 cm -1 to 400 cm -1 . The speeds of sound in their phono dispersions reflect anisotropy in their elastic constants, which was further confirmed from their strong directional dependence of Young's moduli and effective nonlinear elastic moduli. They show wide bandgap semiconductor behavior with fundamental bandgaps of 2.89 eV for GaP and 2.59 eV for InP, respectively, even wider than their bulk counterparts. Such bandgaps were found to be tunable under the strains. In particular, a direct-indirect bandgap transition was found under certain strains along zigzag or biaxial orientations, reflecting their promising applications for the strain-induced bandgap engineering in nanoelectronics and photovoltaics. Feasible pathways to realize these novel 2D phosphide compounds were also proposed in this work.
Introduction
Exploring unknown two-dimensional (2D) nanomaterials that have targeted physical properties for nanoscale electronic and optoelectronic devices is urgently demanded in 2D nanomaterial research in the post-graphene era [1] . Tremendous interests were mainly focused on the discovery of analogous 2D nanomaterials from their layered bulk counterparts (i.e., those with Van der Waals interaction between layers). Mechanical exfoliation and chemical vapor deposition (CVD) have been successfully used in realizing these types of 2D materials [2] , including the hexagonal boron-nitride (h-BN) sheet [3, 4] , transition metal dichalcogenides (TMDs) layered structures with MX2 grouping (e.g., M=Mo, W and X = S, Se, Te) [5] [6] [7] , and phosphorene [8] [9] [10] .
Those newly discovered 2D materials were energetically preferential and indeed show their unique electronic, optical, chemical, and mechamical properties, indicating their remarkable promising applications for nanoelectronics, optics, catalysts, etc. [6] [7] [8] [9] [10] . Extensive interests were also focused on the discovery of other possible types of 2D nanomaterials which have no corresponding layered bulk counterpatrts in nature, and mechanical stripping or general CVD method might not work easily to realize those types of materials. It is extremly tough and challenge to discover these types of 2D nanomaterials. Recently, large amount of efforts have been devoted on this issue both theoretically and experimentally [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] One of the big breakthroughs was the prediction of silicene and germanene [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Theoretical calculations pointed out that they are dynamically stable as free standing sheets with low buckled honeycomb lattice structures (i.e., the two sublattices are relatively shifted in the direction perpendicular to the atomic plane with buckling of 0.44 Å for silicene and 0.67 Å for germanene, respectively) [17] . Several experimental results found that, instead of free standing sheets, they can be realized on metal substracts [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Borophene, another new member of elemental monolayers with various patterns in structure, was also theoretically predicted quite recentely [35, 36] , and has been successfully synthesized on the Ag (111) surface with novel properties of Dirac fermions [37] [38] [39] [40] .
These new discoveries open a door to further explore unknown 2D materials, in particular, the unkonwn 2D binary compounds such as SiC, GeC, and III-V binary compounds [15, [19] [20] [21] [22] .
Low buckled honeycomb InP and GaP monolayers were first predicted by H. Sahin et al. [19] when they studied monolayer honeycomb structures of group-IV elements and III-V binary compounds. Their density functional theory (DFT) calculations showed that those low buckled honeycomb InP and GaP binary compounds have indirect energy bandgaps in the range of 1~2 eV, indicating their possible applications for optoelectronic devices. However, it is not clear, whether these low buckled honeycomb structures are the only form of the 2D GaP/InP binary compound sheets, and if there exist any other allotropes of 2D GaP/InP binary compounds sheets which are even energetically more stable.
In this paper, we report our recent systematic study on seeking stable and energetically preferential 2D monalayers of GaP and InP binary compounds sheets. Our first principle molecular dynamics simulations show that, in addition to the low buckled honeycomb structures, a new 2D monolayer structure can be obtained by bulk truncation along a special orientation, called 'armchair truncation'. These newly discovered allotropes of 2D GaP/InP binary compounds possess high puckered and sandwiched monolayer structures with orthorhombic lattice symmetry, and are energetically much stable than the previously predicted 19 low buckled honeycomb GaP/InP sheets. More interesting, they possess strong anisotropic electronic and mechanical properties.
Their fundamental bandgaps are wider than those of low buckled honeycomb sheets and even wider than their bulk counterparts. Such bandgaps are found to be tunable under the strain along armchair/zigzag direction, and a transition from the indirect to the direct band gap could occur along particular orientations.
Computational details
In the processes of seeking new allotropes of 2D monolayer GaP/InP binary compounds, we employed the DFT [41, 42] framework, as implemented in the Vienna Ab-initio Simulation Package (VASP) [43] , and performed the structure optimization, dynamic stability analysis, and electronic and mechanical properties calculations. The electron-ion interactions were described by the Projector Augmented Wave (PAW) [44] , while electron exchange-correlation interactions were treated by the generalized gradient approximation (GGA) [45] in the scheme of Perdew Burke
Ernzerhof (PBE) [46] . The structural relaxation was performed using Congregate-Gradient algorithm [47] implemented in VASP. The periodic boundary conditions were chosen in the layered plane with a vacuum space of 15 Å between adjacent layers to avoid any mirror interactions.
An energy cutoff was set to be 500 eV for the plane wave basis in all calculations, and the criteria for the convergences of energy and force in relaxation processes were set to be 10 -5 eV and 10 -4 eV/Å, respectively. A 1x1 rectangular primitive cell was chosen to study the 2D GaP and InP monolayer structures, and the Brillouin zones (BZ) were sampled by 25 × 25 × 1 k-point meshes generated in accordance with the Monkhorst-Pack scheme [48] in the optimization and band structure calculations.
A benchmark for zinc blende bulk GaP/InP crystalline structures was carried out (see the last columns of Tables 1-1 
Results and Discussions

Anisotropic crystalline structures
The most stable phase of GaP/InP binary compounds in the nature is the zinc blende crystalline structure, followed by the wurtzite structure. In both phases, Ga (In) and P atoms prefer to form sp 3 type of hybrid orbitals. Based on this chemical bonding nature, we proposed to search the possible existence of unknown allotropes of 2D GaP/InP binary compounds by truncating the bulk GaP/InP, e.g., the zinc blende structure, along certain orientations. As illustrated in Fig. 1 (a) , the zinc blende crystalline structures of GaP and InP binary compounds along (111) orientation can be viewed as a series of bilayers aligned with ABC stacking sequences and interacted by strong Coulomb interactions. When a zigzag truncation is performed (shown by the red-dashed box in Fig. 1 (a) ), a buckled bilayer sheet was constructed (shown in Fig. 1 (b) ). During the structural relaxation, this initial configuration was then stabilized to a so called low buckled honeycomb structure with the buckling of 0.36 and 0.54 Å for GaP and InP sheets, respectively, consistent with the previous results predicted by H. Şahin et al. [19] . Alternatively, when an armchair truncation is performed (shown by the blue-dashed box in Fig. 1 (a) ), a puckered bilayer sheet, analogous to phosphorene, was constructed (shown in Fig. 1 (c) ). Very interesting, such initial configuration underwent a structure transition during the structural relaxation. with two nearly equaled Ga-P/In-P bonds (b1, b2) and three different angles (α1, α2, α3). Their positions are given by
, and ∆z1 and ∆z2 are buckling parameters which determine the total buckling ∆z1+ ∆z2. unit cell with lattice constants a and b; b1 and b2 denote two types of Ga-P/In-P bonds; α1, α2, and α3 denote three types of angles; and ∆z1 and ∆z2 denote two buckling parameters, respectively.
The yellow balls represent P atoms; and the green balls represent Ga/In atoms, respectively.
Optimized structural properties of the newly obtained 2D GaP/InP monolayer structures (referred as high puckered orthorhombic monolayer here after), their cohesive energies, and bandgaps (calculated with DFT [41, 42] and HSE06 [51] respectively) are listed in Tables 1-1 Table 1 -1 and 1-2), demonstrating that these newly predicted 2D GaP and InP monolayer structures are energetically preferential. Namely, the 2D GaP/InP monolayers prefer to maintain with high puckering, instead of low buckling. This tendency may be interpreted in terms of Jahn-Teller effect as the degeneracy at top valence band of the low buckled honeycomb 2D GaP/InP sheets [19] is removed in the new discovered high puckered orthorhombic 2D GaP/InP sheets by lowing the geometric symmetry, and the total energy is lowered. 
Phono dispersion
The dynamic stability of the high puckered orthorhombic 2D GaP and InP monolayers was examined from the analysis of the lattice vibrational modes using the combination of the phonon Boltzmann transport equation and the first-principles phonon calculations, as implemented in PHONOPY [52] code, which can directly use the force constants calculated by density functional perturbation theory. Here, a 4x4x1 (64 atoms) large supercell was used and the Brillouin zone is chosen as a Monkhorst-Pack grid of 12×16×1. Analogous to phosphorene [53] , there are three acoustical and nine optical modes in these high buckled orthorhombic 2D GaP/InP monolayers.
The atomic motions of lattice vibrational modes are illustrated in Fig. 3 B are Raman active modes based on the momentum conservation and the group theory [54] . 
Electronic band structures
The anisotropic electronic properties of the high puckered orthorhombic 2D GaP/InP monolayers were systematically studied from electronic band structures and density of states (DOS) 
Tuning bandgap under strains
Most interesting finding is that the fundamental bandgaps of the high puckered orthorhombic 2D GaP and InP monolayers can be tuned by introducing different types of strain. S1 (c) and (f) of the SM). Namely, the indirect bandgap nature (from the Γ to the Y points) in the high puckered orthorhombic 2D GaP monolayer can be tuned to the direct bandgap (at the Γ point)
when the in-plan strain is over 2.5% (either under the strain along the zigzag direction by 2.6% or under the biaxial strain by 3%). The associated DFT bandgap increases from the 1.97 eV (with the zero strain) to 2.11 eV (along the zigzag) or 2.28 eV (by the biaxial) at the transition points and then gradually decreases after the transition points. On the other hand, the direct bandgap nature in the high puckered orthorhombic 2D InP monolayer at zero strain will stay under the strain along the armchair direction.
A transition from the direct to the indirect bandgap can only occur when the strain is negative, i.e., -4% along the zigzag direction (see the red dotted-dash lines in Fig. 6 (b) ) or -2.0 % under the biaxial strain (see the black dash lines in Fig. 6 (b) ). The bandgap decreases as the decrease of the negative strain but increases as the increase of the positive strain, reaching a maximum at strain of ~ 4%. Even the bandgap slightly decreases after 4% of strain but it still keeps as large as 1.72 eV (~ 2.0 eV in HSE06) at large strains of 8%. These results clearly demonstrate that the high puckered orthorhombic GaP monolayer can be easily tuned to direct bandgap under a small elastic expansion (by ~3%). The high puckered orthorhombic InP monolayer, on the other hand, can maintain its direct bandgap nature even in a large non-elastic expansion (by ~8%), providing a very important fundamental guidance for functionally designing desired 2D nanoelectronic, optoelectronic, and photovoltaic devices through strain-induced bandgap engineering. 
Anisotropic mechanical properties
The unique anisotropic structures of the high puckered orthorhombic GaP/InP monolayer binary compounds lead to the anisotropic behaviors in their mechanical properties.
show the strain energy density function Ψ as a function of the strain ε along different directions.
The strain energy density function Ψ is defined by membrane stress along armchair/zigzag direction S11 as a function of the uniaxial stretch in the given direction E11, are also presented in the lower right parts of the panels, where the red dashed lines represent the linear terms in S11, the green dashed curves, the second order terms, and the blue dashed curves, the third order terms, respectively. The yellow balls represent P atoms; and the pink/green balls represent Ga/In atoms, respectively.
The directional dependence of the 2D membrane (tensile) stress along armchair/zigzag direction S11 (analogous to the second Piola-Kirchhoff Stress in 3D [55] ) was calculated from the derivative of the strain energy density function Ψ with respect to the strain ε (i.e., 11 1 1 S ε ε ∂Ψ = + ∂ ).
It can be further expressed by Taylor series in terms of a uniaxial stretch in the given direction E11 (here,
is the Green-Lagrange strain tensor elements [55] describing the physical and geometrical nonlinearity feature or large deformation). Namely, Estimated Young's moduli and high order effective nonlinear elastic moduli are listed in Table 2 .
They all show strong directional dependent nature. Especially, those constants along the zigzag direction are about one order in magnitude stronger than those along the armchair direction, indicating the strong anisotropic mechanical behavior in the high puckered orthorhombic GaP and InP monolayers. Compared to graphene (e.g., the experimental value of graphene [56] is 340 Nm The present work also paved the way to synthesize these high puckered 2D GaP/InP monolayers by bulk truncating from the zinc blende crystalline structures (as shown in Figs. 1 (c) ).
To provide more fundamental guidelines for experimental synthesis, we conducted a various computational simulations and found that by substituting P atom alternatively with Ga/In atoms on phosphorene, the puckered lattice structures can automatically transform to the high puckered orthorhombic lattice (see Fig. S2 in SM). Our modeling results suggested another feasible way (e.g., by plasma assisted substituting CVD methods [57] [58] [59] ) to realize the high puckered orthorhombic 2D GaP/InP binary compounds. Furthermore, compared with the band structure of phosphorene (DFT bandgap of 0.82 eV [60] ; the HSE06 band gap of 1.0 eV [8] , and experiment value of 1.45 eV [8] ), it is also suggested that by substituting P atoms with Ga/In atoms on phosphorene, one can also engineer the energy gap of phosphide compounds.
Conclusion
The synthesizing GaP/InP monolayers from phosphorene (Fig. S2 ).
